1. Introduction {#s0005}
===============

Food systems around the world face multiple challenges, and multiple objectives as response to those challenges. Two of such separate objectives are (i) to increase the resilience of food system -the ability of the food system to withstand and to recover from shocks, (Sustainable Development Goal 2.4), and (ii) to reduce food waste in the food system (Sustainable Development Goal 12.3). The underlying reason for improving resilience is to ensure disturbances do not reduce food security, and the underlying reason for reducing food waste is to improve the environmental sustainability of food production.

There are a few possible interpretations of the relationship between 'sustainability' and 'resilience' ([@b0270]). The two concepts can be seen as one and the same, or largely overlapping ([@b0195]). [@b0320] see food system resilience as a pre-requisite to its sustainability, as food systems cannot 'sustainably' continue provisioning food unless they are able to overcome disturbances. However, due to the magnitude of the impacts that food systems have on the environment and ecosystem services that support the food production itself ([@b0110], [@b0055]) we argue that food system sustainability (aimed at reducing those impacts) is also a prerequisite for long-term food system resilience. This paper therefore takes the view that sustainability and resilience are separate concepts, but the achievement of one is largely required to achieve the other.

But herein lies a tension: while food sustainability and resilience are pre-requisites of each-other, some of their building blocks are opposing. The concept of redundancy for example, which is considered as one of key principles of resilience ([@b0015]; [@b0320]), can in some manifestations be in conflict with increasing efficiency, including reductions of waste, which are key strategies to achieve food sustainability ([@b0140], [@b0005]).

How can we still achieve the goals of resilience and sustainability simultaneously? Are there food waste reduction interventions that are synergetic with resilience that we could prioritise, and others that are opposing and that we should therefore de-prioritise or re-consider? What trade-offs should we be mindful of? To answer these questions, this papers sets out to analyse linkages between food waste reductions and food system resilience.

1.1. Food system {#s0010}
----------------

Complex questions, such as those posed above, underline the need for systemic approaches to food sustainability ([@b0070], [@b0160], [@b0325]). For the purpose of this enquiry, we focused particularly on how action in one area, in this case food waste reduction, impacts on other areas of concern -- in this case the resilience of the overall food system.

With this paper, we aim to cover all major stages of the supply chain, and develop concepts broad and universal enough to cover different geographies, traditional and modern food systems, low income and high-income settings. Often, food systems span across different geographies and income settings and modes of production (for example, farmers in Kenya growing green beans for markets in the European union along with subsistence crops). While the need for more resilient food system is most acutely felt in the low-income setting, the opportunities to improve both food waste and resilience exist across all types of food system, its stages and geographies. While the challenges of some actors in the food supply chains, e.g. small-holder farmers, are unique, many concepts apply to several stages of supply chain. For example, both a farmer and a household provider may struggle with matching food 'supply and demand'. For a farmer this may mean planting just the right amount to meet his contract without wasting seeds, fertiliser, time and energy. For a provider this may mean buying just the right amount to feed the family for the next week.

1.2. Resilience {#s0015}
---------------

Food system resilience, the ability of the food system to withstand and to recover from shocks, is of increasing interest due to the increase in climatic and price variability, political instability. Adding to this it the recent experience of the threats to the food system from pandemics, threatening to further increase the increasing number of undernourished people globally ([@b0090]).

Existing definitions of food system resilience ([@b0290], [@b0320], [@b0330], [@b0015]) refer to the ability to withstand shocks and external pressures while maintaining the system's basic structure, processes, and functions, through buffering capacity, adaptability and ability to recover from disturbances.

Food system resilience is closely related to ecosystem services, as the production related disturbances we worry about (crop failures due to e.g. floods, droughts and disease) are often related to the failure or insufficient provision of supporting and regulating ecosystem services. The stocks of natural capital that provide these services continue to shrink ([@b0060], [@b0055]), driven by anthropogenic climate and global environmental change. There are multiple causes of this, but one of the largest driver is actually food production and its expansion itself ([@b0110]). Meaning that food production activities undermine their own resilience, which is exacerbated by over-production of food caused by much of the food being wasted. Threats to food system resilience are compounded by a number of other factors, including the increasing homogenization of crops and agricultural landscapes.

Food resilience is also related to food security (adequate access to safe and nutritious food by all people), but here we treat them as separate concepts. For the purpose of this paper, we consider the stability and recovery from disturbances as main attributes of resilience, which is one of the important conditions to achieving stable food supply and therefore food security. Other conditions, most notably sufficient social security and income levels, are additional factors needed to ensure food security.

1.3. Food waste {#s0020}
---------------

In this paper we use the term 'food waste' as a general term to refer to material which was produced with the intention to be consumed by people, but ultimately exited the food supply chain. We do not separate the terms 'food loss' (often used to describe losses earlier in the supply chain, or those related mostly to the lack of infrastructure and access to market), and the term 'food waste' (often used to describe losses later in the supply chain, or those related to the behaviour of different actors) ([@b0040]), as often multiple factors - a combination of structural and behavioural ones - are at play regardless of where in the supply chain food is lost. The intervention to address food loss and food waste are often hard to distinguish as well; however, the consequences of the interventions may be different (see the Discussion).

The UN FAO estimated that roughly one-third, or about 1.3 billion tonnes per year, of the edible parts of food produced globally for human consumption is lost or wasted ([@b0150]). This global estimate is based on extrapolation and is in need of an update, but while it is possible that the wastage is somewhat higher or lower, it is undoubtedly significant. Food waste across supply chain has been more robustly measured by a small number of individual countries, roughly arriving at similar estimates ([@b0375]).

The causes of food waste are complex and varied. In this paper, we put forward the following framework on causes of food waste. As a simplification, each instance of food waste could be explained as a 'rational' economic decision based on comparing the cost of time and materials (infrastructure, appropriate storage etc.) needed to prevent wasting food, with the value of food at risk of waste. This decision-making process by actors in the supply chain is however further complicated by the following issues:1.In low-income settings, access to capital and infrastructure present barriers, for example a farmer in Kenya may be aware that investing in a cooler would pay back quickly through all the milk saved from spoilage, but they may still not be able to afford to buy a cooler in the first place; see ([@b0145]).2.Issues related to these decisions are being made on the basis of *perceived costs* (of both time and resources needed on one side and food on the other side), which are often different to *market costs* (value of food on the market), which themselves are different to *true costs* (costs also including externalities). People are often unaware of the cumulative financial value of the food that they waste (this is true for both consumers, as well as factory managers and even farmers ([@b0370])). Furthermore, the financial cost of food is typically much below its true cost, i.e. one that would price in all externalities such as GHG emissions, the cost of pollution generated, the economic losses associated with biodiversity losses etc. ([@b0045], [@b0210]). The market therefore tends to under-price and under-value food ([@b0010]). As a consequence, the decisions that lead to food waste may be rational for that individual and the market, but are not rational at all from a societal or whole-system perspective.3.Many decisions leading to food waste may not be rational at all, as we are not very good at rationally considering everyday decisions, which are often done habitually on a subconscious level ([@b0175]).

1.4. Food waste and resilience -- what do we know so far? {#s0025}
---------------------------------------------------------

It has been suggested that an oversupply of 30% over the nutritional need is desired to ensure adequate food supply ([@b0220], [@b0295]). It has therefore been suggested, that only waste over 30% (as is likely the case in most high income countries, but not low income countries) is excessive -- the rest is a natural result of the over-production needed for food security, in other words, short-term resilience.

On the other hand, a significant food waste reduction has been suggested as one of several key systemic changes that could significantly reduce the unsustainable use of ecosystem services and natural capital, including a significant reduction in GHG emission from the food system, which are key for long-term resilience. [@b0185] show the total land, water and fertiliser footprint of global food loss and waste are significant. [@b0005], [@b0265], [@b0310] have all shown, on the basis of modelling approaches, that low-waste food systems (food systems where current wastage rates are halved) would require significantly less land, water and reduce GHG emissions associated with the food system in the future in scenarios for 2050. According to these studies, food sustainability goals seem out of reach without a significant reduction of food waste; such findings has also led to the formulation of SDG 12.3 of halving food loss and waste.

Stopping the unsustainable use of natural capital is important for food system resilience in the long term, as food system resilience is already at risk from climate change and increasing scarcity of suitable agricultural land and water reserves and decline in many ecosystem services crucial for food production. However, as the concept of the 30% safety margin exemplifies, food waste reduction may run contrary to some aspects of resilience. The complex direct and indirect, short-term and long-term relationships between resilience and food waste reduction have not yet been explored.

1.5. Contributions of this paper {#s0030}
--------------------------------

In this paper we examine the main linkages, positive and negative, between low waste and high resilience food systems. A significant reduction of food waste seems essential to establish long-term resilience, but could lead to short-term trade-offs. We therefore also examine individual interventions aimed at food waste reduction through the lens of food system resilience. We discuss in more detail the interventions that appeared most synergistic for both food system objectives, and suggest how policy could benefit.

2. Material and methods {#s0035}
=======================

2.1. Conceptual framework {#s0040}
-------------------------

We studied the literature that describe the principles, policies, strategies and characteristics to achieve either food waste reduction or increased resilience, and mapped reinforcing and opposing linkages between these two food system objectives.

The literature describes different 'characteristics' or 'principles' of a resilient food system. For food waste, the literature mostly discusses 'policies' (e.g. food waste measurements and reporting), and environmental and social 'costs' of the current food waste levels. In this paper, we suggest a novel approach to group and differentiate these concepts in a way that facilitates identifying linkages between the two objectives. We propose a separation between:1.**Interventions,** which are defined as concrete, practical mechanisms to achieve fostering conditions. For example, putting irrigation in place is a resilience intervention that provides stability. Provision of dryers improves overall storage capacity and is an example of a food waste reduction intervention.2.**Fostering conditions** are conditions that will make reaching desired food system objectives more likely (some of which we can directly influence by policy or interventions);3.**Objectives** are key characteristics that describe the status of the food system that were the overall goal of the interventions; and4.**Other outcomes** are those that are also likely to occur as a consequence of the reaching the objective that are of concern for sustainability or resilience (desired or undesired).

### 2.1.1. Characterising food waste reduction {#s0045}

We reviewed a wide range of academic and grey literature to characterise food waste reduction interventions, fostering conditions, objectives and outcomes, all described below.

**Food waste reduction interventions** were defined as specific activities and changes to the food system that lead to less food being lost or wasted across the supply chain. These include changes to infrastructure and operations alongside changes that target human behaviour (e.g. through training or campaigns) along the supply chain. These need to be specific enough to have a clear mechanism through which they work. To ensure we were comprehensive, we searched in Scopus using the following combinations of terms: either "food waste" or "food loss" and either "intervention" or "behaviour change" for any year. A range of articles related to food waste policy were also reviewed. The majority of articles related to the household consumption stage. We augmented the academic literature review with case studies from grey literature and media.

**Fostering conditions** were one of the following: broader system characteristics that multiple interventions aimed to achieve; broader policy context; or a reversal of the key drivers for waste, drawn from the same literature as above, most importantly from the following papers and reports: [@b0225], [@b0250], [@b0220], [@b0155], [@b0285], [@b0370], [@b0105]. These agree that **higher awareness** of food waste as an issue and widespread **measurement** and reporting are the basic condition to reduce the levels of food waste across all stages of the supply chain. Some of these authors and organisation however also emphasise that this in itself in not enough**. Better storage capacity/infrastructure** as well as **reduced rate of spoilage** (either through improved conditions or skills) of food when it is either in storage and transit, are commonly mentioned. **Matching of supply (production) and demand**, both in quantity, quality and time is another broad condition that would prevent waste in most stages of supply chain (either through planning, forecasting or communication). Increasing the **value of food** (e.g. with priced-in externalities) or **cost of wasting** is highlighted by [@b0085] and [@b0010].

**The objectives** of a low waste food system were defined as a significant reduction in the flow of food material leaving the food system, and a significant increase in the ratio between food consumed and food grown.

**Other outcomes**. According to economic theory ([@b0275]), reducing food waste may lead to two outcomes (providing we avoid shifting waste from one stage of supply chain to another): (i) **increase food consumption** or (ii) **reduced food production**. In the absence of other changes in the food system, the occurrence of one over the other depends on the elasticity of supply and demand, through a downward pressure on food prices. A combination of both may also occur. Policy can be used to encourage one of these outcomes over the other. Both of these outcomes have consequences for resilience, through different mechanisms. Where food security is an issue, increased consumption of (nutritious) foods can be a positive development and directly improve resilience. Elsewhere, and when it comes to less nutritious foods, it would be more beneficial from a sustainability perspective to steer the system towards reducing over-production (rather than increasing consumption) and therefore reducing the use of resources including land, water, fertiliser, pesticides and seeds, reducing GHG emissions and pollution and maximising ecosystem services. An additional reduction in GHG emissions and pollutions comes from reduced waste management requirements (e.g. less waste in landfill). However, reduced over-production also means that there is a reduced surplus flow of food in the system.

### 2.1.2. Characterising food system resilience {#s0050}

We characterised food system resilience based on the following literature: [@b0015], [@b0160], [@b0290], [@b0320], [@b0330]; and [@b0335]. From these papers, we pooled together what authors described as characteristics, principles or mechanisms of food system resilience, and categorised them according to the conceptual framework designed here.

**Resilience interventions --** concrete and specific activities implemented to improve food production that recovers quickly from disruptions -- were taken as examples from the literature listed above. Unlike for food waste we did not attempt to provide an exhaustive list of the interventions, as the main focus of this paper is to examine the role of food waste reduction on resilience (not vice-versa; although we also touch on that in the initial step -- conceptual mapping).

As **fostering conditions** for resilience we considered:•**Stability,** mainly reduced likelihood and magnitude of disruption events themselves, such as extreme weather events leading to crop failures, and the ongoing increase in mean temperatures affecting crops, livestock, pest and pollinators in various ways, water scarcity, pest and disease outbreaks ([@b0165]), and also shocks to supply chains including disrupted access to labour and markets, as the ongoing (2020) disruptions to the food systems due to the new corona virus epidemic exemplifies.•**Diversity** of crops, livestock, production systems, inputs, landscapes, income streams, customers and suppliers increases resilience according to [@b0015], [@b0290]). The principle of resilience in diversity is that individual crops, communities or products will carry different responses to the disruptive condition. Diversity of crops and landscape may also for example prevent or slow down the spread of pest and disease outbreaks ([@b0290]).•**Redundancy**, which can mean either interchangeability (according to [@b0015], however we will consider this under flexibility) or spare capacity (of food itself, but also land, water, income, inputs (e.g. fertilisers and fuels), supporting and regulating ecosystem services), according to [@b0320]. Spare food capacity emerges as a critical issue with apparent trade-offs between resilience and low waste/efficiency.•**Flexibility** and interchangeability, being able to use the food that you have for several purposes ([@b0015]), swap one food for another, or derive income in different ways from different sources. E.g. pigs were traditionally valued as domestic animals that could take a variety of different feeds, but modern livestock systems use breeds and systems that are specialised, increasing efficiency at the expense of flexibility. Today food supply chains are quite inflexible through pursuit of efficiency. Inflexibility (e.g. strict cosmetic specification, strict contracting in time and quantity) can also lead to waste on farm levels.•**Adaptability** is related to flexibility, but refers to the relative ease of making significant changes, i.e. adaptation to the way food is produced and procured. For example, farmers changing crops, calendars, locations. Transformational (i.e. abrupt) adaptation may be needed due to the pace of climate change and change in weather patterns -- not just step-wise adaptation to the signals as they come, but a pre-emptive, fundamental shift in practices and locations ([@b0335]). Adaptation also includes technical innovations such as more resilient breeds.•**Connectivity** in food system includes trade, communication along the supply chain, as well as the connection between different kinds of ecosystem services, for example the proximity of pollinator habitats to crops requiring pollination ([@b0015]). The downside of high connectivity is that diseases and other disturbances can spread faster.

**The objectives** are defined as stable supply in the face of disruption and quick recovery from disruption.

**Other outcomes. Improved food security** and **stable food prices** are two of the outcomes that are desired from a resilient food system. However, redundancy, flexibility and diversity may lead to reduced efficiency. Diversity typically reduces economies of scale associated with specialisation (compare a large farm growing few crops in rotation with specialised equipment to a farm that grow many crops), while redundancy may lead to not all food produced being eaten.

2.2. Analyses {#s0055}
-------------

We mapped the interlinkages between the objectives, outcomes, and fostering conditions of the two desired system states on a long-term food systems level, by laying them out and examining where the causes and interactions (both synergetic and opposing) might occur between the systems, and represented them graphically on [Fig. 1](#f0005){ref-type="fig"} using a similar technique also used to produce causal loop diagrams (e.g. [@b0115]).Fig. 1Main linkages between food waste reduction and food system resilience.

To further untangle potential synergies and trade-offs, and move from abstract to concrete examples, we assessed how individual food waste interventions influence short-term resilience, as represented by fostering condition of the resilience (as described above in conceptual framework). The list of food waste interventions and resilience conditions were obtained from the literature as explained above. We grouped the interventions by different stages of the supply chain in three tables: primary production, then grouping together processing, manufacturing, distribution, retail and food service, and finally the consumer stage.

In the tables we considered how a large-scale implementation of each intervention would impact on food system resilience, looking at each fostering condition at the time. Three of the four co-authors, giving a good spread of expertise across food waste along the supply chain, and food system resilience, scored the influences individually and independently, by posing themselves the question: would the system be more or less resilient after the intervention in question, and through what mechanisms. Scores were there compared, and we had a discussion, focusing particularly on any scores that diverged, agreeing the final scores.

We scored the impact with a '+' if the intervention would impact positively on that fostering condition for resilience, a '-' if it was negative, a '0′ if it had little or no effect and a '+/−' if it had an mixed effect. If we all felt that the effect was unclear, we marked it with a '?'.

In regard to stability, as we have already established that successful food waste prevention will have positive effects on climate stability, and the supply of ecosystem goods and services including water, we have focused on more short-term aspects such as their effect on stable supply and demand (otherwise all interventions would be scored positively for stability).

3. Results {#s0060}
==========

3.1. Linkages between food waste reduction and food system resilience on a system level {#s0065}
---------------------------------------------------------------------------------------

[Fig. 1](#f0005){ref-type="fig"} shows the interlinkages between the objectives, outcomes, and fostering conditions of the two desired system states. Solid lines show reinforcing interactions, and dashed lines show opposing interactions.

The magnitudes of the links are difficult to quantify, although it is clear that some of the links are more significant and more direct than others. One link that has been quantified in the literature is between the reduced over-production and reduced GHG emissions, land and water use. [@b0005], [@b0310] for example quantified these for hypothetical, global future scenarios, and most recently by [@b0235] for current situation in the European Union.

Through this analysis we concluded that food waste reduction is essential for long-term food system resilience (through substantial reduction of resource use and GHG emissions, both of which are critical for long-term resilience), but that the issue of 'redundancy' was a hotspot where both trade-offs and synergies between food waste reduction and resilience in the short-term may occur. This is further illustrated with [Fig. 2](#f0010){ref-type="fig"} .Fig. 2Simplified causal loop diagram showing the short-term and long-term effects of over-production (of which food waste is a symptom of) on resilience. Dashed line signifies that over-production is often a result of seeking resilience.

Actors in the food chain cannot exactly predict how much food they will produce and/or require. Under-supply typically has graver short-term consequences compared to over-supply, leading to actors, who want to achieve resilience, systemically over-producing and over-supplying. High levels of waste are, in part, a symptom of such resilience-motivated over-production, at the expense of long-term resilience, as it depletes natural capital, reduces supply of ecosystem services and contributes to de-stabilisation of climate.

Another direct link between food waste reduction and resilience occurs when increased food consumption is needed and positively affects consumers, directly increasing food security. In these cases, food waste reduction (most often through prevention of spoilage) directly improves resilience. Food waste reduction can also help with food affordability if prices rise. This is partially what we understand happened in the UK between 2007 and 2012, when the food waste reduction information campaign (Love Food Hate Waste) in combination with economic downturn and rising food prices, helped reduce household food waste by estimated 24% whilst also helping people to save money and maintain the quality of their food purchases ([@b0030], [@b0375]). We can assume a similar effect in low-income settings as it follows from economic theory ([@b0275]). However, we lack empirical data to test this hypothesis.

3.2. Food waste reduction interventions interactions with short-term food system resilience {#s0070}
-------------------------------------------------------------------------------------------

### 3.2.1. Primary production {#s0075}

[Table 1](#t0005){ref-type="table"} shows the result of assessing individual interventions in primary production, focused mostly on farms with some interventions that also apply to other types of primary production, e.g. fishing. Primary production is a hotspot for both waste and resilience, as it is exposed to two sources of variability and uncertainty: 1) the variability of natural systems and growing conditions and therefore yields and timing, and 2) the variability of the social system, reflected in fluctuations in the demand quantities, prices on the market and demand timing.Table 1The interactions between food waste reduction interventions and resilience at primary production level. For definitions and description of the resilience conditions, see the Methodology section. '+' marks positive impact of the intervention on that fostering condition for resilience, '-' a negative impact, '0′ little or no effect, '+/−' mixed effect, and '?' if effects are unclear ([@b0025], [@b0035], [@b0135], [@b0205], [@b0215], [@b0305]).![](fx1_lrg.gif)

Some of the interventions are aimed at reducing the variability (e.g. robust varieties), or help farmers match the levels of production and demand (forecasting) or bridge them in time (storage). These interventions generally help reduce both food waste and improve resilience, provided that they are done well and are resilient themselves (for example, storage could be sensitive to disturbances e.g. floods or disruptions in energy supply). Overall, we have found that even in the short-term, most food waste interventions at primary production level have positive, synergetic influences on various aspects of resilience, particularly stability and flexibility, and a few also for connectivity. The implementation of these farm-level interventions, particularly if aimed at small-holders, will require provision of financing, equipment and training.

As expected, redundancy was one aspect for which the scores were mixed. Some interventions, mostly those directly or indirectly related to storage and food longevity, were scored as positive, while others that reduce the amount of surplus without increasing longevity scored negatively. Interventions that reduce over-production without compensating for redundancy in another way may pose some risk in reducing short-term resilience, but may still be worthwhile doing to improve long term resilience.

For farmers, losses of crops due to something unexpected can be catastrophic for their business and livelihood. The surplus has comparatively small effect, even if wasted ([@b0095], [@b0170]). It is therefore farmer's need for resilience that leads to this type of 'systemic over-production' and waste. However, this 'need for redundancy' could be reduced if the risks associated with variability were more evenly distributed along the supply chain (e.g. by wholesalers and retailers giving more flexibility to their suppliers), though improved insurance, forecasting and storage. Interventions that directly target resilience, such as increasing income diversity and improving water supply, can also remove some of the farmer's need to over-plant and therefore reduce waste.

Adaptability was the other aspect that could be negatively affected by food waste interventions, when the intervention created a lock-in to certain location and crop. For example, a construction of silo or an immobile drying unit can further lock the farmer to a specific crop and location, depending on how crop-specific and mobile the intervention is. We have found that the food waste interventions seemed neutral for the diversity of crops, breeds and foods (and only linked to landscape diversity in the long-term through land resource savings).

### 3.2.2. Processing, manufacturing, distribution, packaging, retail, hospitality and food service {#s0080}

We grouped the intermediate stages in the supply chain because some of the interventions are common, for example those that refer to a seller and buyer relationship. Another reason is that, compared to primary production and the end-consumer, the rest of supply chain receives relatively little coverage in the academic literature and grey literature, and therefore the number of suggested interventions and case studies is relatively low. Similarly, existing food resilience literature mainly considers primary production as the stage that is most exposed to natural variability, or consumers and their availability to access safe and nutritious food.

Many interactions were given a neutral score, especially for diversity and adaptability. We did not find as much synergistic potential with improving stability as we did for the primary production. However, connectivity stood out as the resilience condition that would benefit from many food waste interventions in the middle of the supply chain. Similar to primary production, some food waste interventions were scored as positive, some negative and some as mixed for redundancy.

### 3.2.3. Consumers {#s0085}

Interventions targeted at household waste have the highest potential when it comes to freeing-up resources and reducing food waste related GHG emissions, and therefore, long-term resilience through stability, for two reasons: in high and middle-income settings, the volume of waste is the largest at the consumption stage, and secondly, this food has accumulated more impact as it processed through the supply chain (for example, it has been transported, stored, perhaps processed and pre-prepared).

There are many different interventions targeted at households. They broadly fall in two categories:a)behavioural interventions -- promoting behaviours that lead to lower wastage of food; aimed at householders themselves, such as storing and using up leftover food, including incentives to reduce over-buying, improved understanding of date labels, correct portioning when cooking, use of leftovers, optimal storage (including keeping fridges at a temperature below 5 degrees Celsius), freezing of food that will not be used in time, and use of long shelf life products (canned and dried foods) ([@b0240], [@b0260], [@b0285])b)technical interventions -- changes to products themselves, for example a change in packaging that increases shelf-life and therefore increases the likelihood that the food will get eaten before it spoils, including changes in pack-sizes and pricing structures to discourage over-buying; increasing shelf-life and open-life through innovative packing, changes to food itself (e.g. using different bacteria cultures in cheese or yoghurt), or reducing the time it takes to get food to market ([@b0190]); changing the date labelling to avoid overly-cautious discarding of food; improving storage and freezing guidance on packs ([@b0380]).

Consumer behaviour can affect the stability of demand and cause spikes and dips in food demand. In the UK for example, foods such as burgers, strawberries and lettuce are typical foods that will sell very well in sunny weather and spike around sporting events, whilst demand plummets in rainy weather. Growers and producers aim to meet surges in demand, however if expected demand does not materialize produce remains in the field ([@b0370]) or is wasted elsewhere. Some of this waste could be prevented with better forecasting, however the consumption habits could also adapt; for example, by aiming to match consumption to the growing season.

Most interventions investigated were scored positively for improving stability. The scores were mixed again for redundancy and also more mixed for flexibility and adaptability, with some interventions potentially reducing the number of options households have in any given moment when it comes to food. There were more links with diversity than in other stages of supply chain -- as some interventions promote specific types of foods, typically long-life products, which either add or reduce diversity, but very little identified impact on connectivity.

3.3. Key synergies and trade-offs in food waste reduction and resilience across the whole supply chain {#s0090}
------------------------------------------------------------------------------------------------------

Key interventions that emerged as synergistic for food waste and are improved storage, transport, surplus valorisation, increased shelf life, and promotion of long shelf life products.

Food storage can take place in many stages of the supply chain and can take many forms, for example grain stores, which can be operated from national to village or individual farm scales. Food is stored in many other ways as well (not necessarily labelled as storage): on farms, in warehouses, cold stores and industrial freezers, in supermarkets, while in transport on ships and trucks, and also individual households' cupboards, fridges and freezers. Each one of these stages adds up to the overall storage capacity of the food system, and each could potentially be improved. (see [Table 1](#t0005){ref-type="table"}, [Table 2](#t0010){ref-type="table"}, [Table 3](#t0015){ref-type="table"} for examples).Table 2The interactions between food waste reduction interventions and resilience at intermediate steps in the food supply chain ([@b0020], [@bib387], [@b0050], [@b0075], [@b0120], [@b0180], [@b0230], [@b0255], [@b0315], [@b0345], [@b0350], [@b0360]).![](fx2_lrg.gif)Table 3The interactions between food waste reduction interventions and resilience at consumer level ([@b0065], [@b0100], [@b0125]).![](fx3_lrg.gif)

Preparing and storing food optimally creates a buffering capacity different to a continuous surplus production by creating a reserve. In systems dynamics terminology, better storage replaces a need for a constant additional 'flow' with increasing the 'stock' (from which occasionally an additional flow can be drawn). For example, families could rely more on having well-stocked cupboards with long-life cupboard essentials that can also be made into a nutritious meal, rather than constantly buy more perishable foods than they use. Surplus production could be diverted to become a reserve by extending shelf life through canning and dehydration of fruit, meat, dairy and vegetable products, to be used in times of scarcity and disruptions in food supply due to a variety of different reasons from droughts to epidemics. This would be a much more resource-efficient way of providing resilience compared to over-production year on year. Improved storage is not necessarily about only the size of storage (warehouse, fridge etc.), but conditions (e.g. temperature, air moisture) and preparation of food stored (drying, pre-cooling, mould-free).

It should be noted that there are some challenges associated with having a higher proportion of food as reserves. Stock management in both the supply chain and in homes may need to be improved to ensure that the food in storage is circulated correctly. Secondly, on a food-system basis, having a larger proportion of overall food in storage may mean that on average, the time between harvest and consumption increases, highlighting the need to monitor not only food safety, but also food quality and nutritional value. Thirdly, there are trade-offs between increasing some types of storage capacity, especially cooling and freezing, and energy use -- increased energy use leading to increases in GHG emissions and cost. And lastly, the resilience of storage against same of different kinds of disturbances that effect food production should also be considered (e.g. energy supply, susceptibility to pests etc.).

Improved storage should reduce price volatility. At harvest time, especially in good years, the price of produce (e.g. grains, vegetables) on the market is low, but farmers without safe storage options are forced to sell despite the low prices they receive. Similarly, consumers without storage or access to food with longer shelf-life cannot bulk-buy and store foods when prices are low. If neither producers of consumers can store, prices are more likely to spike outside main harvest seasons. Higher prices in one year can attract many newcomer producers in the next season, leading to over-production the next year, therefore low prices and high waste when price does not even justify harvest costs (which are significant, [@b0170]) perpetuating a boom and bust cycle. Price volatility is therefore not only a sign of a system with low resilience, but it can also lead to waste. In a market economy, changing prices are unavoidable, and are valuable signals about scarcity and over-production, and distorting them through some market mechanism may lead to unintended consequences. However improved storage, preparation of food for storage, diversification into longer-life products and innovation in insurance could reduce some of the high demand volatility and make optimal production decisions easier for farmers and other actors in the food supply chain.

Reducing food waste in most cases leads to a good return on investment ([@b0365]; [@bib386]; [@b0145]), improving the profitability and income of the people involved in the point of the stage of supply chain where food waste is being reduced. As such, food waste reduction leads to increased resilience of that actor in the chain, say a farmer or manufacturer. This also applies to consumers. For example, data in the UK ([@b0030]) suggests that in the context of reducing disposable income and rising food prices, people that reduced the food that they wasted were able to continue buying the same quality of food they were buying before. Reduced food waste can also present an opportunity to increase added value in the supply chain. When customers save money but not over-buying in quantity, they are often happy to spend more on 'quality' ([@b0030]). However, assuming food waste reduction at consumer level does lead to financial savings, these could result in rebound effects if they are spent on other polluting activities, diminishing some of the environmental gains ([@b0200], [@b0280]).

In this paper we focused on reducing food waste 'at source' (i.e. food waste prevention). However, there are other mitigating actions that also count as food waste reduction: for example, feeding the surplus food material or food scraps to livestock ([@b0385]) and using it as feedstocks in bio-economy, for example extracting limonene from waste orange peel ([@b0365]). These 'surplus valorisation activities' too can lead to significant resource savings, although typically less than prevention. [@b0385] for example calculated that feeding food scraps to pigs through advanced centralised swill operations similar to those operating in Japan and South Korea could also lead to significant land-use savings of 1.8 million hectares in Europe, compared to 6.0 million hectares calculated for food waste prevention by [@b0235]. They can also potentially contribute to increased resilience if the flows of material out of the food system can be used to feed humans during times of crisis, and should be pursued in addition to food waste prevention to reduce pressure on resources.

4. Discussion {#s0095}
=============

4.1. In which cases does food waste provide redundancy and therefore contribute to resilience? {#s0100}
----------------------------------------------------------------------------------------------

Some surprising linkages between food waste and resilience emerged through our investigation. Some food waste can be seen as a consequence of actors wanting to achieve resilience through redundancy: over-production and over-purchasing, so that they call on this surplus if something unexpected happens; these 'unexpected events' could be a grave issue such as a farmer experiencing a low yield, or relatively small things like consumers entertaining unexpected guests or not finding the time to go do your weekly shop at the regular time. However, some wasted food did not provide resilience at any point in time. Generally, if the 'food at risk of becoming waste' can be tapped into relatively quickly (for example, by relaxing cosmetic standards), then that quantity *does* provide redundancy and therefore some short-term resilience. But if there are no means of preventing the spoilage and waste, then waste food never provided any resilience.

Some of the types of food waste that provide short-term resilience are also some of the easiest to address to reduce over-production. Interventions such as relaxing cosmetic standards and reducing over-purchasing through better planning are examples of changes that can be implemented fairly easily, and therefore also get implemented when something unexpected occurs, i.e. in time of scarcity. For example, in 2012 untypical weather resulted in poor yields of fruits and vegetables, in response to which UK's supermarkets relaxed their rules on their cosmetic appearance ([@b0340]), evening the supply. The relative ease of intervention implementation provided redundancy. However 'saving' these interventions for times of scarcity comes with cost a of diminishing natural capital and contribution to climate change from over-production. Therefore, the recommendation of the authors is not that the interventions that reduce redundancy are not pursued (they could be considered as a priority due to their ease of implementation), but that they are balanced with complementary interventions that compensate for lost redundancy, most notably improved storage.

This investigation of food waste and resilience led us to a new proposal to conceptualise wasted food, depending on whether it represents mainly a) a **loss of needed nutrition** (a direct loss of food security) or b) a **loss of resources** used to produce it (leading to indirect, long-term loss of resilience). In practice it may be difficult to allocate a loss of an individual item of wasted food between the two, as the mechanisms and causes of loss may be identical, but the consequences are not. They also depend on the context, particularly the socio-economic status of the actor. As actors improve their socio-economic status, they often seek to improve their food security through increasing over-production, rather than through reducing food loss though interventions, for a variety of different reasons. Therefore, the nutrition loss shifts to resource loss, even though the causes and mechanisms (the actual process of food becoming inedible) may remain unchanged. The short-term resilience of the actor improves, but the long-term resilience of the whole food systems diminishes through increased depletion of natural capital and reduced stability.

As progress is made towards halving food waste, it would be helpful to track the nutrition loss and the resource loss (over-production) separately at a large/global scale. For this, better production and consumption statistics would be needed.

4.2. Policy implications and links to ecosystem services {#s0105}
--------------------------------------------------------

To complement food waste reduction, and also to encourage it, policy should carefully consider which of the two outcomes of reduced food waste are preferable for the circumstances: reduced production or increased consumption. At national food policy levels, food waste reduction targets are rarely linked to other outcomes. (If anything, they are vaguely linked to improving import--export balance). This lack of systemic food policy represents a missed opportunity to strengthen other desirable food system transitions, including increased short-term or long-term resilience. Long-term resilience could be doubly-encouraged for example, by gradual internalisation of externalities so that food price would be stable despite downwards pressure from food waste reduction ([@b0010], [@b0275]). This should lead to reduction of over-production, and therefore reduction of GHG emissions and increase in other ecosystem services that can be provided by spared land. The delivery of specific ecosystem services, many of which can again be conductive to long-term resilience, can be then further encouraged with compatible financial incentives, and would, through competition for resources, further reduce food over-production. The opportunities include: farmers being able to build in more resilience-inducing features that protect soils, pollinators and other resources on the spared land (for example: buffer zones, hedgerows, stony habitats, pollinator habitat enhancement and lagoons, see [@b0130]); reduced use of fertiliser (and its negative impacts) not only through reduced production but also reduced fertiliser subsidies; water reservoirs and aquifers re-filling (or being used less intensely), increasing the resilience of water supply in the future; healthier ecosystems on and surrounding the agricultural lands. Reduction in food loss and waste combined with an ecosystem services approach can therefore steer the food system to a more resilient and sustainable future.

On the other hand, in circumstance where an increase in consumption is preferred to directly improve food security, prices can be allowed to decrease through food waste reduction interventions. This is particularly appropriate for highly nutritious foods that are under-consumed in the population. However, an increase in consumption is not helpful in all circumstances and for all types of food. Particularly for food with high energy and poor nutrient values amongst populations with an obesity problem, without taking a systemic approach pursuing food waste reduction in isolation may contribute to exacerbating the problems.

The lack of systemic approach also reduces the chances of food waste reduction incentives succeeding. The first signal from a significant reduction of food waste at one point in the supply chain at either demand or supply side is bound to be a reduction in price ([@b0275]). This can encourage waste at another stage in supply chain, or at another geography. For this reason, it is important that food waste reduction is being pursued on a global scale and in all stages of supply chain. Good monitoring systems are needed to be put in place to ensure that waste is not pushed from one end of the supply chain to another, and from one place to another. Global monitoring frameworks are currently being set up by UN FAO and UNEP, but the challenges associated with the monitoring of food waste should not be underestimated. In the future, however, it would be beneficial to monitor other separate indices at critical points in transition to high-resilience, low waste system, particularly the total storage capacity and over-production as indicators of food system resilience and efficiency. This could mean for example an introduction of food reserves targets and monitoring on national, business or even household level (% of total food reserves, % of households with access to safe food storage options in kg/capita).

The discourse on food waste for the past ten years have been quite simplistic: food waste is big, bad, and it must be reduced. This was justifiable given the low awareness surrounding food waste, its scale and missed opportunities it embodies. Now that awareness has increased, at least amongst policy makers, researchers and businesses ([@b0105]), it is time we enter the next stage in food waste policy and discourse: one that is more nuanced and realistic, and tackles both synergies and trade-offs with other food system sustainability goals more explicitly, achieving better outcomes for all goals.

In the EU, food waste reduction measures on farm are currently not considered as a part of Circular economy package ([@b0080]), however it could be something that is encouraged through the Common Agricultural Policy. Common Agricultural Policy has a potential to increase farm resilience by encouraging resource efficiency, establishment of resilience features and encourage supporting and regulating ecosystem services. The parallel pursuit of food waste reduction should help free up the resources needed to do this, without sacrificing productivity.

4.3. Shortcomings and need for future research {#s0110}
----------------------------------------------

In this paper, we used a theoretical approach to try to structure and characterise complex interactions between different parts of and changes to the food system, focusing interactions between interventions aimed at food waste and resilience. This approach was largely based on the experiences and knowledge of the experts involved. Where possible we tried to base the judgements on potential causes and effects on observed data; however, this was not possible for all identified linkages. Furthermore, while we strived to be comprehensive by taking a systemic approach, it is possible that some important linkages were missed entirely, which could be improved in the future by involving a wider range of stakeholders in the system mapping process. Nonetheless, we believe this approach and its conclusions have value, and will hopefully provide a basis for future research on these questions fundamental to food sustainability.

5. Conclusions {#s0115}
==============

There are strong linkages between reducing food waste and food system resilience, that through the analysis in this paper we separated into:a)**Long-term linkages**: food waste prevention interventions influence long-term resilience of the food system though its sustainability, by reducing GHG emissions and therefore climate change and variability, and potential to increase natural capital and improve supporting and regulating ecosystem services. These interactions are overwhelmingly positive for resilience and significant in strength and scale.b)**Short term-linkages** where food waste interventions interact with stability, diversity, redundancy, flexibility, adaptability and connectivity of the system through interventions that lead to changes in livelihoods, storage capacities, variability in supply and demand etc. These interactions can be positive or negative. They form two clusters: one around redundancy -- where trade-offs are most apparent, and one around stability and reduced volatility (of supply, demand and price), where synergies are most apparent. The scale and strength of these linkages are not yet known.

Individual food waste prevention interventions that focus on reducing over-production, for example the relaxation of cosmetic standards, do reduce redundancy and therefore short-term resilience. However, these interventions should not be discouraged as they present a vital opportunity to improve resilience in the long-term. The trade-offs should be recognised so that they can be adequately addressed and compensated for. One example is by improved storage, which by reducing the variability of supply and demand, smoothing prices provides redundancy not in the form of surplus, but a reserve.

Policy recommendations and implications of this work are the following:1.**Replace surplus with reserves.** Current approach to food resilience relies on over-production. This is exemplified by a notion that 30% of food over-supply is required for adequate food supply and security. However, such reliance on over-production undermines food system resilience in the long-term. The approach to food system resilience needs to shift from over-production to reserves (storage and extension of shelf life e.g. though dehydration), with accompanying storage-related incentives and targets.2.**Recognise trade-offs and pursue complementary interventions.** Food waste reduction should be easier to achieve when it is recognised that for many actors, the need to provide resilience is the driver for over-production and therefore waste. The actors need to be reassured that the food waste reduction activity is going to improve rather than reduce their resilience.3.**Increasing resilience can indirectly reduce food waste**. Over-production for the sake of resilience can be replaced through other resilience conditions, e.g. through increased diversity, by installing irrigation or alternative producer income opportunities related to other ecosystem services. For that purpose, it is important to have an understanding of ways to support resilience alternative to redundancy.4.**Approach food policy systemically.** Food waste reduction policy should consider two of its possible outcomes: reduced production and increased consumption, and actively steer towards the one that is considered more desirable depending a range of circumstances ranging from food resilience, security, public health, state of the environment and ecosystem services.

Food waste reduction would both facilitate and be facilitated by pricing-in of externalities into food production as well as diversifying the income from other ecosystem services. Reducing food waste on its own is less likely to succeed and result in positive food system changes, but such combination of strategies can steer the food system to a more resilient and sustainable future. Food and agricultural policy should not overlook this opportunity.

The covid-19 epidemic (ongoing at the time of writing) highlights the importance of food system resilience, as it is disrupting food supply chains in many different ways though e.g. order cancelations by the entire hospitality sector, creation of supply chain choke-points (such as the closure of slaughter-houses in the US), harvest-labour shortages (in India and Europe). All of this seems to be leading to a large increase in waste food - so not only does waste lead to lower resilience, low resilience may also leads to waste. The amount of food that is wasted instead of being supplied to people is particularly tragic, as at the same time, people are also becoming increasingly food insecure primarily due to slumps in incomes ([@b0355]). The interventions that we recommended in this paper, such as improved storage options and strategic well-managed stocks of long-life foods at household, business and regional/national level would help to alleviate such pressures.

Declaration of Competing Interest
=================================

Tom Quested, Richard Swannell and Bojana Bajzelj are associated with WRAP, a UK-based charity with a longstanding history of working on food waste reduction. No other potential conflict of interest is declared.
